Graphene and graphene substrates display huge potential as material interfaces for devices and biomedical tools targeting the modulation or recovery of brain functionality. However, to be considered reliable neural interfaces, graphene-derived substrates should properly interact with astrocytes, favoring their growth and avoiding adverse gliotic reactions. Indeed, astrocytes are the most abundant cells in the human brain and they have a crucial physiological role to maintain its homeostasis and modulate synaptic transmission. In this work, we describe a new strategy based on the chemical modification of graphene oxide (GO) with a synthetic phospholipid (PL) to improve interaction of GO with brain astroglial cells. The PL moieties were grafted on GO sheets through polymeric brushes obtained by atom-transfer radical-polymerization (ATRP) between acryloyl-modified PL and GO nanosheets modified with a bromide initiator. The adhesion of primary rat cortical astrocytes on GO-PL substrates increased by about three times with respect to that on glass substrates coated with standard adhesion agents (i.e. poly-D-lysine, PDL) as well as with respect to that on non-functionalized GO. Moreover, we show that astrocytes seeded on GO-PL did not display significant gliotic reactivity, indicating that the material interface did not cause a detrimental inflammatory reaction when interacting with astroglial cells. Our results indicate that the reported biomimetic approach could be applied to neural prosthesis to improve cell colonization and avoid glial scar formation in brain implants. Additionally, improved adhesion could be extremely relevant in devices targeting neural cell sensing/modulation of physiological activity.
Introduction
Enhanced control of the interaction between nano-materials and living cells is becoming more and more important to allow future breakthroughs in different fields such as pharmacology, toxicology, bio-electronics and drug delivery. Nano-materials can interact strongly with different parts of the mammalian cell 1 but the first and most prominent interaction is usually with the cell membrane, 2 formed in almost all living organisms by a 2-dimensional, self-assembled layer of phospholipids (PLs). The PLs feature hydrophilic heads and long, flexible hydrophobic chains, whose supramolecular self-assembly drives the formation of the flexible and robust 2-dimensional membrane. PLs play a crucial role in intracellular signalling and participate in the regulation of cell growth, metabolism, differentiation, apoptosis, membrane trafficking, and cytoskeleton rearrangement. Chemical functionalization can be used to enhance the affinity of nanomaterials with cells, and PL-functionalized nanomaterials (e.g. carbon nanotubes or CdSe quantum dots) have already been proposed for studying PL signalling pathways, and employed as composites for drug delivery or biosensor applications.
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In particular, biomaterials targeting the nervous system should interact properly with excitable neuronal cells but also with nonneuronal cells, called glial cells. 9 Indeed, astrocytes, that are the most numerous glial cells in the brain, have a crucial physiological role to maintain the homeostasis of the nervous system and modulate synaptic transmission. More importantly, brain injuries due to implantation of neural prostheses trigger an inflammatory response called reactive gliosis in which astrocytes are a major counterpart. 10 During astrogliosis cells suffer a dramatic morphological alteration (stellation), hypertrophy, trophic factor release and overexpression of structural proteins such as glial fibrillary acidic protein (GFAP). This process ultimately leads to the formation of a fibrous scar called glial scar, surrounding and insulating the implanted device with a thickness of hundreds of micrometers. Glial scar severely compromises the biomaterial/device performance, hinders neuronal regeneration and could also initiate detrimental processes leading to neuronal death. 11, 12 Thus, the design and synthesis of materials capable of improving the adhesion of astrocytes without altering their morphology and physiology and without promoting this inflammatory response are needed for neural engineering and neuroregenerative medicine. Moreover, recent evidence increasingly indicates that astrocytes play an active role in the delivery/transduction/propagation of electrical stimulus to the central nervous system. 9 In this respect, even though they are not able to make action potentials, membrane channels and proteins of astrocytes are essential for brain functionality. Thus, it is essential to generate a novel interface that displays a tight interaction between the astrocytes' plasma membrane and the nanomaterial, allowing astrocyte adhesion, growth and permissive interplay with the material. A single sheet of graphene or graphene oxide (GO) could be the ideal material to interact with the brain cells' membrane, thanks to its 2-dimensional shape, flexibility, mechanical strength and, more importantly, tuneable surface chemistry. 13a Nowadays several nano-materials such as graphene, MoS 2 or carbon nanotubes can be processed in different solvents and deposited as thin coatings on a substrate. 13 However, their processing requires the use of toxic solvents, or significant amounts of surfactant molecules. Furthermore, the exfoliation of 2D materials always yields nanosheets with varying thickness, from monolayers to few nm, with lateral size typically o1 mm. Among 2D materials, GO is the only one that can be massproduced in water, with no need for surfactants, in the form of monoatomic sheets with (tunable) lateral size from 100 mm to 100 nm, as we demonstrated in previous works. 14, 15 Its highly versatile chemistry allows its chemical, electronic and optical properties to be tuned to an extent still unreachable for other 2D materials. [16] [17] [18] Recent results from us and other groups have highlighted that graphene derivatives can have strong and specific interactions with cell membranes, with a parallel arrangement of the graphene sheets on the cellular surface. 19, 20 In light of their mechanical and chemophysical properties, the interaction of graphene-based materials such as flakes, sheets and films with neuronal cells has previously been investigated [21] [22] [23] [24] [25] for different purposes such as drug delivery systems targeted to brain cells, 24 The latter findings further motivate us to explore the use of phospholipids (PL) as interfacing molecules to functionalize graphene membranes targeting glial cells.
With this objective, here we describe a new type of GO composite specifically designed and synthesized for enhancing GO interaction with primary rat cortical astrocytes. We grafted PL moieties to GO sheets ( Fig. 1 ) to get a biomimetic GO-PL composite capable of interacting with the cell membrane, fostering the adhesion and permissive interaction with astrocytes on the target substrate. Indeed, despite their importance on brain physiology and pathology, with respect to neurons, the interaction of astrocytes with chemically modified graphene materials has received much lower attention.
29b,c Interestingly, electrospun PCL microfiber scaffolds coated with graphene polyelectrolyte multilayer suppress microglia and astrocytes gliotic activation after implantation in vivo. Thermally modified graphene nanosheets do not have a deleterious effect on the resident neuron and astrocyte populations of the olfactory bulb in vivo. 29c Collectively, these evidence indicated that modified GO is a permissive material for both neurons and astrocytes.
A molecule tethered to a mesoscopic GO nanosheet can be considered neither free floating in solution, nor grafted to a macroscopic, rigid bulk substrate; it is rather in a condition halfway between these two. 30 Molecules may be tethered to GO sheets without perturbing their chemical and optical properties, by choosing the right covalent linkers. 16 Thus, a key step to maximize the interaction of our material with cells was to give a high conformational degree of freedom to the PL grafted on GO nanosheets, ensuring that PL molecules could rearrange in the best way to interact effectively with the lipid bilayer. To this aim we use a flexible polymeric linker to graft the PL moiety through one of the apolar tail leaving 'free' both polar head and an apolar tails. All the PEG-modified phospholipids commercially available bear the reactive functional groups on their head, thus enabling the PL tethering on the GO surface only by the polar head.
Therefore we used a synthetic procedure to position the reactive functional moiety (an acryloyl group) on one of the tails of the phospholipid (Fig. 1) . Then Atom-Transfer RadicalPolymerization (ATRP) was exploited for the covalent grafting of PL on GO through flexible brush linkers.
The PL-modified GO obtained was processed in flat membranes that were used as astrocyte-culturing substrates.
Comparison with unmodified GO and reduced rGO membranes prepared in the same way was also performed to provide an insight into the actual role of the PL modification.
Materials and methods

Synthesis and characterization
1,12-Dodecanediol, acryloyl chloride, pyridine, pyridinium dichromate, 4-dimethyl aminopyridin (DMAP), N,N 0 -dicyclohexylcarbodiimide, triethylamine (TEA), and a-bromoisobutyryl bromide were purchased in the highest grade available from Sigma-Aldrich Co, Milan, Italy and were used without further purification. 1-Palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (3) was purchased from AVANTI POLAR LIPIDS, inc. All ). Elemental analysis: N% = 2.16, C% = 42.51, H% = 2.94, S% = 0.57.
Fabrication of membranes
GO and GO-PL membranes were fabricated by filtration of GO or GO-PL dispersions through an AnodiscTM membrane filter 18, 31, 32 The weight of the GO, rGO and GO-PL membranes was around 15 mg and the diameter was E3.7 cm.
Preparation of primary astroglia rat culture
Primary astroglia cortical cultures were prepared from rats as described in the literature. 33 One to two days old Sprague
Dawley pups were taken and the cerebral cortices were removed, mechanically dissociated and placed in cell culture flasks containing DMEM-Glutamax medium supplemented with 15% fetal bovine serum (FBS), 100 U mL À1 penicillin and 100 mg mL À1 streptomycin. Cells were maintained in incubation at 37 1C and 5% CO 2 with the proper humidity levels for three to four weeks. The medium was changed every three days and the flasks were gently shaken to detach undesired cells that remained on top of the astrocytic monolayer. Cells were finally seeded for experiments and maintained in a culture medium containing 10% FBS. Primary astroglial cultures were prepared at the University of Bologna and performed in concordance with the Italian law of protection of laboratory animals (ethical protocol number no. 360/2017 PR).
Biocompatibility study
Fluorescein diacetate (FDA) was used as a marker of viable cells to take pictures. The FDA stock solution (5 mg mL À1 ) was diluted on phosphate buffered saline (PBS). Astrocytes plated on the substrates were incubated for 5 min at RT, washed with PBS and characterized by (Nikon eclipse 80i) microscope equipped with a 20Â objective. Alamar blue (AB, Life Technologies) viability assay was used according to the manufacturer's protocol to study the viability of cells on the device at different time points. Alamar blue assay (ABA) is a cell viability indicator. It takes advantage of the reducing power of living cells to quantitatively measure the cell number and the proliferation rate of living cells. Moreover, ABA takes advantage of the reduction occurring in the cytoplasm of living cells by enzymatic activity related to aerobic respiration providing even non-specific information on cell metabolism. 33 Cells plated on the GO, rGO and GO-PL samples and glass + PDL control were incubated at 37 1C for 6 h with AB that was diluted in an amount equal to 10% of the culture volume. After that 100 mL were taken and then placed into a 96 well plate for fluorescence measurements in a Thermo Scientifict Varioskant Flash Multimode Reader at an emission and excitation wavelength of 585 nm and 570 nm respectively.
Proliferation rate was calculated as the increase in fluorescence, which is proportional to the number of cells, between two successive days and it was expressed as a percentage. It was calculated for 2 and 4 DIV. All the experiments were performed three times in triplicate. was Alexa 488-conjugated goat anti-mouse at a dilution of 1 : 1000. Cultured astrocytes plated on the samples were fixed in 4% paraformaldehyde, and washed in phosphate buffered saline (PBS). After blocking with 3% BSA in PBS and permeabilizing with 0.1% Triton X-100 in PBS, cells were incubated with primary antibodies for 3 h at RT, washed in PBS and incubated for 1 h at RT with the secondary antibody. Coverslips were mounted on slides, using ProLong Diamond Antifade Mountant with DAPI and examined with a Nikon TE 2000 inverted confocal microscope equipped with a 40Â objective and a 400 nm diode, 488 nm Ar + and 543 nm He-Ne lasers as exciting sources.
Immunofluorescence and confocal microscopy
Image processing and analysis
Image processing and analysis was performed using the FIJI distribution of ImageJ with a custom processing script. 34 Briefly, images from the confocal imaging software (Nikon EZ-C1 2.10) were imported into ImageJ, cropped and converted to greyscale TIFF format images. Manual thresholding was applied to generate a binary mask to separate cellular fluorescence from the background. This mask was eroded, dilated, and used to generate a region of interest (ROI) encompassing all of the cells present in the image. An inverted version of the previous binary mask was used to identify a ROI for the image background.
The mean fluorescence, ROI area, and integrated density values for the cellular fluorescence and background were measured for each image. These values were used to calculate the corrected total cell fluorescence according to previously published works. 35, 36 Corrected total cellular fluorescence was calculated and reported as an average of four fields of view for each of the four substrate conditions, for a total of 16 images.
Statistical analyses
Results are represented as the mean AE Standard Error (SE) from at least three independent experiments performed in triplicate. Data were compared by one-way ANOVA with Bonferroni post hoc test. Statistically significant difference was reported if p o 0.05.
Results and discussion
Design, synthesis and characterization
The covalent grafting of PL on GO nanosheets was achieved by ATRP between the acryloyl-modified PL and GO nanosheets modified with a bromide initiator, an approach successfully used in the literature for the covalent modification of silica surfaces with PL-brushes. [37] [38] [39] [40] GO-PL was thus prepared through a multi-step synthetic approach as outlined in Scheme 1.
The ATRP reaction was carried out in degassed MeOH as solvent and catalysed by Cu(I)Br/2,2 0 -bipyridine (bpy). Copper (0) addition was also required for successful reaction. 40b X-Ray Diffraction (XRD), Fourier Transform Infrared (FTIR), elemental analysis and X-ray Photoelectron Spectroscopy (XPS) confirmed the successful functionalization ( Fig. 2 and 3) . The powder XRD diffractogram of GO-PL and that of the reference GO are shown in Fig. 2a . Pristine GO showed a typical stacking periodicity of 0.75 nm, in good agreement with previously reported data from the literature. 31, 41 GO-PL showed a much larger stacking, with a periodicity of 1.25 nm, indicating the presence of a 0.5 nm thick interlayer present between GO sheets. Such a thickness matches well with the expected phospholipid structure. Scanning Electron Microscopy (SEM) images of GO-PL showed a typical graphenelike structure, with highly anisotropic, flexible sheets featuring a lateral size of a few mm and a significant tendency to stack on each other (Fig. 2b) . FTIR spectra of GO-PL, GO initiator and PL are shown in Fig. 2c . The typical bands of C-H stretching in the range of 2850-2950 cm À1 are evident as well as the CQO stretching at about 1730 cm
À1
. Also P-O and PQO stretching are present in the composite (850-1200 cm
). The same features of PL are preserved in the spectrum of GO-PL. On the other hand, the GO-initiator spectrum shows the C-Br stretching at about 500-700 cm
, preserved also in part in the composite spectrum. The XPS analysis (Fig. 3) confirms the presence of nitrogen and phosphorus in 4 and 2 at% respectively, in good accordance with outcomes from elemental analysis (N 2.16, C 42.51, H 2.94). The N : P ratio of 2 : 1 can be reasonably ascribed to material contamination from solvents (i.e. DMF and/or Et 3 N) used for the synthesis of the GO-Br precursor (XPS analysis on GO-Br already shows 2 N at%) that are not removed during the material work-up (drying is carried out at room temperature to avoid material decomposition and loss of covalently grafted groups). In fact, traces of solvent(s) are maintained in the final GO-PL. Nevertheless, the amount of P (2 at%) allows a loading of about 1.2 mmol of PL per g of material to be estimated. Finally, taking into account the 1:2 P:Br ratio (Br = 4 at%), it can be inferred that only half of the bromine groups in the GO-Br initiator have been reacted with PL. Furthermore a C/O ratio of 2.6 was calculated from the XPS analysis. This value is in accord with the expected GO-PL composite, since the C/O ratio of GO is typically close to 2.0 13b while the C/O ratio of PL is 3.8.
Membrane fabrication and characterization
GO and GO-PL substrates were fabricated by filtration of water suspensions through an Anodisct membrane filter, followed by slow drying in air. This procedure allowed uniform, thin substrates to be obtained, conventionally called ''GO paper'' (Fig. 4a) , where the sheets were tightly packed on each other ( Fig. 4b and c) .
The as-prepared substrates were both mechanically and chemically stable and they could be easily detached from the filter support and handled for their final application.
A strong difference in surface roughness (R a ) between GO-PL (R a = 550 AE 130 nm) and its pristine GO counterpart (R a = 170 nm AE 50 nm) was measured by profilometry. Such a difference was likely due to the different stacking of the two materials, already evident by XRD (Fig. 2a) . Contact angle measurements (Fig. 4d-f , details in ESI †) 32 demonstrated higher hydrophobicity for GO-PL with respect to GO. This result could be likely due to the presence of the aliphatic polymeric brush linkers on GO surface. Moreover, the higher hydrophobicity also suggests that PL moieties are arranged in such a way that they do not expose the polar head to the outer membrane surface.
GO-PL promotes cell adhesion without inducing gliosis
The biocompatibility of the as-prepared GO-PL was then studied by using them as a substrate to grow primary rat astroglial cells. For the sake of comparison, we also used state-of-the-art glass substrates treated with conventional coatings of poly-D-lysine (PDL), as well as non-functionalized, pristine GO and rGO. Astrocytes were then plated on GO-PL, GO, rGO and glass + PDL substrates. Fluorescein diacetate (FDA) assay and fluorescent microscopy were performed after 2 days in vitro (DIV) as shown in the micrographs in Fig. 5a-d . Viable cells stained with FDA (green) were visible on all four substrates. 26, 27 Interestingly, the number of viable cells appeared higher on GO-PL samples than on glass or GO substrates. To get a more quantitative comparison of cell viability among the different conditions tested, an Alamar blue cell viability assay was performed after 1, 2, 4 and 7 DIV (Fig. 5e) . The histogram plots reported in Fig. 5e show the F/F 0 ratio per area, which is directly proportional to the number of viable cells per sample. 42 The number of astrocytes that adhered to GO and rGO was comparable to those adhering to glass + PDL, while the adhesion of astrocytes to GO-PL was more than doubled at 1 DIV and also significantly higher for 2, 4 and 7 DIV. The higher number of cells observed on GO-PL could not be due to a hypertrophic or gliotic response. Indeed, the proliferation rate was comparable among all samples observed (Fig. 5f) . Thus, the higher number of cells in GO-PL observed at 1 DIV and 2 DIV could be explained by the higher adhesion of astrocytes on GO-PL. The area available for cell adhesion was the same for all the samples; thus, confluence (occupancy of all available space) and contact inhibition of proliferation occurred earlier in cells grown on GO-PL than in cells plated on the reference samples. For higher DIV, this also caused the lower cell proliferation (in percentage) observed on GO-PL vs. other samples (Fig. 5e) . The significantly lower number of cells that adhere to rGO when compared with GO-PL indicates that higher adhesion of astrocytes on GO-PL is not due to a difference in roughness or hydrophobicity as both substrates present very similar values for these properties.
Comparable surface properties in terms of roughness and hydrophobicity between rGO and GO-PL suggest that surface chemistry might account for the higher astrocyte adhesion on GO-PL. Moreover, despite further insight is required to highlight the mechanism of interaction between GO-PL and cell membrane, the higher hydrophobicity of GO-PL suggests that the polar heads of the PL moieties are not exposed to the outer surface indicating possible interaction GO-PL/cell membrane through the aliphatic apolar tails. 
